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Abstract. Pressure-driven analysis (PDA) of water distribution networks necessitates an assessment of the sup-
plying capacity of a network within the minimum and required pressure ranges. Pressure-deficient conditions
happen due to the uncertainty of nodal demands, failure of electromechanical components, diversion of water,
aging of pipes, permanent increase in the demand at certain supply nodes, fire demand, etc. As the demand-
driven analysis (DDA) solves the governing equations without any bound on pressure head, it fails to replicate
the real scenario, particularly when the network experiences pressure-deficient situations. Numerous researchers
formulated different head–discharge relations and used them iteratively with demand-driven software, while
some other approaches solve them by incorporating this relation within the analysis algorithms. Several attempts
have been made by adding fictitious network elements like reservoirs, check valves (CVs), flow control valves
(FCVs), emitters, dummy nodes and pipes of negligible length (i.e., negligible pressure loss) to assess the sup-
plying capability of a network under pressure-deficient conditions using demand-driven simulation software.
This paper illustrates a simple way of assessing the supplying capacity of demand nodes (DNs) under pressure-
deficient conditions by assigning the respective emitter coefficient only for those nodes facing a pressure-deficit
condition. The proposed method is tested with three benchmark networks, and it is able to simulate the network
without addition of any fictitious network elements or changing the source code of the software like EPANET.
Though the proposed approach is an iterative one, the computational burden of adding artificial elements in the
other methods is avoided and is hence useful for analyzing large networks.

1 Introduction

Analysis of water distribution systems under pressure-
deficient conditions presents a challenging research area, as
understanding and simulating the real scenario is complex.
It is well known that demand-driven analysis (DDA) simul-
taneously solves the mass balance and energy balance equa-
tions to determine the flow in each pipe for a given network
topology and configuration. However, such a DDA solution
does not represent an exact behavior of the system when it is

under pressure-deficient conditions or if a bound on service
pressure is assigned (Ang and Jowitt, 2006; Siew and Tany-
imboh, 2012; Suribabu, 2015). It is possible to notice the neg-
ative pressure in DDA whenever the total loss of the head oc-
curring from the source to node exceeds the available source
head. This mainly happens when the demand assigned to a
node is higher than what the pipes incident to that node can
actually carry based on the available source head. To com-
pute the actual outflows from the nodes within given pres-
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2 S. Conety Ravi et al.: Analysis of water distribution network

Figure 1. Interpretation of the nodal demand vs. head curve.

sure bounds, modifications are needed, either in the source
code of a demand-driven simulation engine (e.g., Cheung et
al., 2005) or by adding additional fictitious components like
reservoirs, check valves (CVs), flow control valves (FCVs),
emitters, dummy nodes and very short pipes to the demand
nodes (DNs – e.g., Ozger, 2003; Ang and Jowitt, 2006; Ross-
man, 2007; Suribabu and Neelakantan, 2011; Jinesh Babu
and Mohan, 2012; Gorev and Kodzhespirova, 2013; Sivaku-
mar and Prasad, 2014, 2015; Morley and Tricarico, 2014;
Abdy Sayyed et al., 2014, 2015; Suribabu, 2015; Suribabu et
al., 2017; Mamizadeh and Sharoonizadeh, 2016; Mahmoud
et al., 2017; Pacchin et al., 2017).

Mahmoud et al. (2017) addressed the shortcoming of each
of these methods for evaluating outflow in the case of large
networks and under extended-period simulation (EPS). They
have developed a new way to handle PDA using EPANET in
single-iterative type after an introduction of a check valve, a
flow control valve and a flow emitter for both the steady state
and EPS.

Pressure-driven analysis – literature review

In the beginning, the pressure-deficient condition was con-
sidered a rare phenomenon and/or a typical problem in an
operational scenario. However, when concern on reliability
gained importance, the failure scenarios were analyzed, and
thus analysis of the pressure-deficient condition became pop-
ular. Two approaches are popular for analyzing the pressure-
deficient condition. In the first approach a specific pressure–
demand relationship is embedded in the source code of the
simulator (requires changing of the source code). Some of
the important studies by several authors using this approach
are presented in tabular form below (Table 1).

Apart from the above research in the table, Liu et al. (2011)
and Siew and Tanyimboh (2012) adopted different method-

Figure 2. Flow chart illustrating the computational steps involved
in the proposed approach.

Figure 3. Layout of the two-loop network (example 1 and 2).

ologies to obtain node heads in EPANET. Giustolisi et
al. (2011) developed and used new Excel-based software
called WDNetXL. Generally, the limitations of this approach
(Mahmoud et al., 2017) are that (1) it requires a change in al-
gorithm and program code, (2) the computer codes are not
available, (3) it requires iterations, (4) it is mostly demon-
strated on sample networks, and (5) it exhibits difficulty in
handling extended-period simulation.
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Table 1. Various head–flow relationships for PDA.

S1. no. Author(s) and year Head–flow equation Remark

1 Bhave (1981)

qavl
j
= q

req
j

(adequate flow), if H avl
j
≥Hmin

j

0< qavl
j
< q

req
j

(partial flow), if Hmin
j
=H avl

j

qavl
j
= 0 (no flow), if H avl

j
≤Hmin

j

 First attempt for pressure-deficient analysis us-
ing simultaneous head–flow equations along
with energy and mass balance equations.

2 Germanopoulos
(1985)

qavl
j
= q

req
j

(
1− 10−cj [(H

avl
j −H

min
j )/(H des

j −H
min
j )]

)
Cj – node constant.

3 Wagner et al.
(1988)

qavl
j
= q

req
j
, if H avl

j
≥Hmin

j

qavl
j
= q

req
j

(
H avl
j −H

min
j

H des
j −H

min
j

)1/n
, if Hmin

j
<H avl

j
<H des

j

qavl
j
= 0, if H avl

j
≤Hmin

j

 n – exponent constant (its value often taken as
either 1.85 or 2).

4 Reddy (1989) and
Elango (1991)

qavl
j
= Sj

(
H avl
j
−Hmin

j

)0.5
Sj – node constant.

5 Chandapillai
(1991)

H avl
j
=Hmin

j
+Kj

(
qavl
j

)n
Kj – constant; n – exponent.

6 Fujiwara and
Ganesharajah
(1993)

qavl
j
= q

req
j

for H avl
j
≥H des

j
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j
= q
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j
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j
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j

(H avl
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j )dH
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j
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j
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j −H
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j )dH

 , if Hmin
j
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j
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j
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j
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j
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7 Tucciarelli et al.
(1999)
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j
= q
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j
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j
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j

qavl
j
= q
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j

sin2
(
H avl
j

Hmin
j

)
, if 0<H avl

j
<Hmin

j

qavl
j
= 0, if H avl

j
≤ 0


8 Tanyimboh et al.

(2001)
Same as the equation of Wagner et al. (1988) Drove Wagner’s (1988) equation from Chan-

dapillai (1991) equation. Using this attempted
finding reliability of node as well as the net-
work.

9 Wu et al. (2009)

qavl
j
= 0, if H avl

j
≤ 0

qavl
j
= q

req
j

(
H avl
j

H des
j

)1/n
, if H avl

j
<H thr

j

qavl
j
= q

req
j

(
H thr
j

H des
j

)1/n
, if H avl

j
≥H thr

j


H thr
j

– threshold pressure above which the de-
mand is independent of nodal pressure.

10 Tanyimboh and
Templeman (2010)

qj (Hj )= qreq
j

exp(αj+βjHj )
1+exp(αj+βjHj ) αj =

−4.595H des
j −6.907Hmin

j

H des
j −H

min
j

βj =
11.502

H des
j −H

min
j

11 Jun and Guoping
(2013)

Considered-volume driven demand, pressure-driven demand and leaks. Modified EPANET for nodal outflows based on
pressure-dependent demand formulations and
leakage models (EPANET-MNO).

12 Morley and Tri-
carico (2014)

Modified source code of EPANET by introducing emitters. Each emitter is assigned its own empirical ex-
ponent. There are convergence issues when ap-
plied to complex or larger water distribution
networks.

Some of the researchers in the recent years attempted
pressure-deficient analysis using EPANET (popular freeware
demand-driven model) by introduction of a few artificial or
imaginary components but without node head–flow relation-
ships. This research claims a lower number of iterations, and
the recent research claims single iteration (no iteration). The
works using components in the demand-driven model for
pressure-deficient analysis are presented in Table 2.

A literature review indicates that the approach of using a
demand-driven engine to get the pressure-driven results is
getting more attention. This is due to computational conve-

nience and the promising trend of development. Hence, this
research is also planned to focus on this approach. This pa-
per proposes a simple approach to suit both the single period
and EPS but without addition, deletion, opening and closing
of network elements. The proposed method requires only as-
signing an emitter coefficient and altering nodal elevation by
incorporating minimum pressure head with existing eleva-
tion. Though the method is an iterative type, it can be easily
implemented, irrespective of the size of the network.
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Table 2. Use of artificial components in PDA.

S. no. Author(s) and year Component used in demand-driven analy-
sis

Remark

1 Ang and Jowitt
(2006)

Artificial reservoir and artificial pipe at
each node.

First (iterative) demand-driven application for
pressure-deficient analysis. Popularly known
as PDNA (pressure-deficient network algo-
rithm).

2 Baek et al.
(2010)

Nil. Instead of iterative procedure, we used an opti-
mization
model. DDA model and head–flow relation-
ships
were also used.

3 Suribabu and Nee-
lakantan (2011)

Artificial complementary reservoir and
artificial pipe only at pressure-deficient
nodes.

The approach used is known as CRS (comple-
mentary reservoirs solution) method. Second
author is the PI of this proposal.

4 Jinesh Babu and
Mohan (2012)

Artificial reservoirs, artificial flow con-
trol (to control flow to artificial reser-
voirs), check valves (to avoid negative
pressure) and artificial pipe at pressure-
deficient nodes.

Demonstrated limitation of the Ang and
Jowitt (2006) method. Reduced the number
of iterations required significantly. Popularly
known as modified PDNA (MPDNA).

5 Gorev and
Kodzhespirova
(2013)

Artificial reservoirs, artificial flow control
valves, artificial check valves and addi-
tional artificial pipes.

Results obtained in a single hydraulic run. Sup-
ports only parabolic type of node head–flow re-
lationship.

6 Sivakumar and
Prasad (2014)

Artificial reservoirs, artificial flow control
valves, artificial check valves and artifi-
cial pipe.

Highlighted limitations of the Ang and
Jowitt (2006) method. Reduced the number
of iterations required significantly. Could not
simulate partial flow between the minimum and
the desired pressure head levels.

7 Abdy Sayyed et al.
(2013, 2014, 2015)

Replaced the artificial reservoir and artifi-
cial pipe with a flow emitter.

Works excellently for steady-state analysis. Did
not consider minimum pressure head level.

8 Sivakumar and
Prasad (2015)

Artificial reservoirs, artificial flow control
valves, artificial check valves and addi-
tional artificial pipes.

Compared MPDNA with different head–flow
relationships. Proposed modifications to
MPDNA. No need for iterative procedures.

9 Suribabu (2015) Emitter. Compared emitter-based PDA with other PDAs
based on head–flow relations.

10 Mamizadeh and
Sharoonizadeh
(2016)

Among the two methods, in one method,
the components added are same as in
CRS approach of Suribabu and
Neelakantan (2011). Added a flow control
valve in
another method.

Proposed two modified versions of CRS
method (MCRS) to overcome certain draw-
backs.

11 Sharoonizadeh et
al. (2016)

Compared PDNA, MPDNA, CRS and
MCRS methods.

Concluded that MPDNA and MCRS methods
are better.

12 Suribabu et al.
(2017)

Artificial reservoirs and artificial pipes. Improved CRS method proposed.

13 Mahmoud et al.
(2017)

Artificial check valve, artificial flow con-
trol valve, artificial flow emitter, dummy
node and artificial pipes at each pressure-
deficient node.

Single-iteration pressure-driven analysis
(SIPDA). Uses Wagner et al. (1988) node
head–flow relationship.

Drink. Water Eng. Sci., 12, 1–13, 2019 www.drink-water-eng-sci.net/12/1/2019/
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2 Methodology

2.1 Background of emitter-based approaches

The EPANET 2 (Rossman, 2000) hydraulic simulation en-
gine contains a special element called the emitter that be-
haves as a sprinkler head at the node and delivers an outflow
proportional to the available pressure head. Rossman (2007)
discussed the possibility of building the pressure-driven net-
work analysis proposed by Ang and Jowitt (2006) in the
EPANET hydraulic solver using this emitter feature. Further-
more, Suribabu (2015) proposed a method to use the emitter
as a replacement to the connection of fictitious reservoirs to
all the DNs. Here, the emitter determines the possible supply
at all deficient nodes based on its available pressure head.
The flow from the emitter is expressed as follows (Rossman,
2000):

Q=Kep
n, (1)

where Q is nodal outflow, Ke is the emitter coefficient, n
is the emitter exponent and p is pressure. Rossman (2007)
suggested that the value of the emitter coefficient can be cal-
culated according to the properties of the pipe that connects
the node and the artificial reservoir (i.e., diameter, length and
Hazen–Williams coefficient) in order to make it equivalent
to the approach of Ang and Jowitt (2006). Another emitter-
based approach was proposed by Abdy Sayyed et al. (2015),
which is a non-iterative method by connecting a CV, an FCV
and an emitter to the demand nodes. Furthermore, they have
shown that the emitter equation is identical to that of Wag-
ner (1988) for H req

j ≥H
min
j if the emitter coefficient Ke and

exponent γ are taken as follows:

Ke =
Q

req
j(

H
req
j −H

Min
j

)γ , (2)

γ =
1
nj
, (3)

where the nodal elevation of the emitter-set nodes is

NELj = ELj +Hmin. (4)

Rossman (2000) also suggested that to get maximum flow
at minimum pressure at demand nodes, the emitter coeffi-
cient shall be assigned to be 100 times the respective nodal
demand. Hereafter it is referred to as Ke100 (coefficient of
discharge):

Ke100 = 100×Qreq
j . (5)

In Abdy Sayyed et al. (2015), the FCV is used to ful-
fill the maximum flow constraint, and the CV is employed
to avoid flow reversal. Single-iteration pressure-driven anal-
ysis (SIPDA) proposed by Mohmoud et al. (2017) adopted

Figure 4. Layout of multisource pumped network (example 3).

Figure 5. Layout of Modena network (example 4).

the same sequence of network elements as that of the Abdy
Sayyed et al. (2015) approach. But SIPDA adds the sequence
of network elements and modifies their nodal elevations only
for those nodes experiencing a pressure deficit. Pacchin et
al. (2017) used another new sequence of elements (general
purpose valve – GPV, CV and artificial reservoir) to eval-
uate outflow from the node under pressure-deficient condi-
tions. Pacchin et al. (2017) applied the proposed approach
and other similar methods to two real water distribution net-
works and concluded that their proposed method and that of
Abdy Sayyed et al. (2015) are able to correctly produce the
behavior of the network under pressure-deficient conditions.
However, the drawback of these methodologies is the need to
include two dummy nodes per node, which further increases
the number of components and the topological complexity
of the network. Though the addition of elements make it a

www.drink-water-eng-sci.net/12/1/2019/ Drink. Water Eng. Sci., 12, 1–13, 2019
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Figure 6. Actual outflow against design demand under no supply
from reservoir ID 272 (LPS – liters per second).

Figure 7. Nodal pressure head under no component failure condi-
tion.

single snapshot analysis, its incorporation into each demand
node makes the network too complex in topology. It con-
sumes lot of time of the network modeler, unless a separate
integrated component is created with a setting option in the
existing software.

2.2 Assumptions

Many scientists (Bhave, 1981; Germanopoulos, 1985; Wag-
ner et al., 1988; Reddy and Elango, 1989, 1991; Chandapil-
lai, 1991; Fujiwara and Ganesharajah, 1993; Tucciarelli et
al., 1999; Tanyimboh et al., 2001; Wu et al., 2009; Tanyim-
boh and Templeman, 2010) have suggested different head–
flow relations for assessing the supplying capability of nodes
under pressure-deficient conditions. Figure 1 presents an in-
terpretation of the head–flow relations.

Given the variables defined in Fig. 1, there are different
assumptions that the modeler can make:

– The more general case is the one in which no assump-
tion is made for Z, Hmin and Hreq. In this case the min-
imum possible head on a node is its elevation Z, and if
hydraulic conditions do not permit this, then the node
is isolated, meaning not only that demand in the node
must be zero but also that there is no flow in the adja-
cent pipes (i.e., no siphonic flow is considered). If the
head is between Z and Hmin, then the demand at the
node is still zero, but now flow in the adjacent pipes
can happen if hydraulic conditions downstream permit
it. If the head is between Hmin and Hreq, then the de-
mand at the node is only partially fulfilled even though
the appliance or appliances are completely open; this
is modeled with a transition curve which can take dif-
ferent forms (e.g, Germanopoulos, 1985; Bhave, 1989;
Salgado-Castro, 1988; Wagner et al., 1988; Fujiwara
and Li, 1998; Tanymboh and Templeman, 2010), al-
though the Germanoupoulos (1985) emitter equation is
commonly accepted as the most physically appropriate.
If the head is above Hreq, then the pressure in the appli-
ance is enough to fulfill the required demand, and there-
fore the appliances are assumed to be partially closed
to receive only the required demand; this means that a
demand-driven analysis of the node is suitable.

– WhenZ <H is assumed (assuming that the actual junc-
tion elevation is below any possible value of H ), this
assumes that the water cannot ever reach the node isola-
tion zone. Models that accept negative pressures in the
system and flows downstream of these nodes are either
making this assumption or assuming siphonic flow con-
ditions (as long as the absolute pressure is above vapor
pressure).

– When Hmin = Z, this assumes that once there is some
pressure in the node, there is some outflow. This as-
sumption is valid when the node elevation actually rep-
resents the elevation of the lowest water demand appli-
ance among all of the appliances lumped in it.

– When Hreq =Hmin, this assumes that once the head is
above the minimum head (i.e., pressure in the emitter is
above zero), the outflow is equal to the required flow or,
when this condition is not met, the maximum flow hy-
draulically possible flow. This assumption can be mod-
eled using the Rossman (2000) approximation of using
an emitter coefficient of 100 ·QReq.

The method proposed in this study requires no assumptions
of Z, Hmin and Hreq, although it can deal with any of the
ones mentioned above. This means that the only assumptions
made in the proposed pressure-driven analysis (PDA) are as
follows:

Drink. Water Eng. Sci., 12, 1–13, 2019 www.drink-water-eng-sci.net/12/1/2019/
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Figure 8. Nodal pressure when reservoir ID 272 is disconnected
(DDA).

1. Though available pressure is greater than required pres-
sure, the outflow at demand nodes does not exceed its
design demand. This is a very basic assumption made by
municipal engineering at the project formulation stage.

2. No outflow is possible at demand node if available pres-
sure is less than minimum service pressure.

3. Pressure-dependent outflow between required and min-
imum pressures takes the form shown in Fig. 1, and for
the corresponding condition, the percentage of the valve
opening is defined by the curve.

4. The water distribution network is considered a non-
airtight system. Hence, no siphonic flow is possible in
the network.

5. Emitter coefficient is considered based on either Eq. (2)
or 100 times the nodal demand to estimate the outflow
at minimum residual pressure (Eq. 5).

The present study proposes a simple approach by setting the
emitter coefficient and changing the elevation of the nodes
that have been identified as being pressure deficient through
a few simulation runs of DDA. The proposed approach com-
pletely eliminates the serial inclusion of fictitious network
elements at any node of the system. The entire procedure is
illustrated by a flow chart shown in Fig. 2.

For a given condition, the network should initially be sim-
ulated using EPANET 2, identifying the maximum pressure-
deficient node and setting its demand as zero. This pro-
cess should be implemented repeatedly until all the nodes
reach the condition Havl ≥Hreq. It should be noted here
that all non-zero nodes could deliver the design demand.
Then, increase the elevation of zero-set nodes to Hmin (ie.
ELj +Hmin) and calculate the emitter coefficient to be as-
signed to those nodes. Next, the network is simulated again.
If a negative flow takes place at any emitter-set node, then
remove the emitter value of those nodes, perform DDA again
and interpret the results. Now there are chances of Havl go-
ing belowHmin in some nodes as the coefficient of the emitter

Figure 9. Nodal pressure when reservoir ID 272 is disconnected
(PDA).

with negative flows is set to zero. Here such nodes cannot be-
have as sources. Hence, if pressure in some nodes becomes
less than minimum pressure, then set the zero demand again,
change the nodal property as mentioned above and simulate
the network. The analysis ends only if no negative flow exists
and none of the non-zero demand nodes experience Havl less
thanHmin. At the end of the analysis, if any nodes show neg-
ative pressure, then close the pipes incident to those nodes
and simulate again to get a final solution. The procedure is
illustrated further by a flow chart (Fig. 2).

3 Results and discussion

The proposed methodology was experimented with three
benchmark networks. The results of example 1 and 2 were
compared with SIPDA, proposed by Mahmoud et al. (2017).

3.1 Example 1

A single-fixed source-head two-loop network with six de-
mand nodes and eight links (proposed by Ang and Jowitt,
2006, for PDA) is considered for illustrating the proposed ap-
proach (see Fig. 3). Each pipe is 1000 m long, with a Hazen–
Williams coefficient of 130. The nodal demand for each node
is 25 L s−1. DDA shows the full delivery of design demand at
the respective elevation under normal conditions. To test the
proposed algorithm, three scenarios were considered: (i) the
closing of pipe 3, (ii) fire demand of 50 L s−1 at node 2 and
(iii) fire demand of 50 L s−1 at node 7. Table 3 provides both
DDA and proposed PDA results for all three scenarios. Equa-
tion (5) is used to simulate the pressure-flow relation (equiva-
lent to a difference between required and minimum pressures
below 0.001 m if using Eq. 2) with an emitter exponent of
0.54.

DDA shows negative pressure at all the demand nodes ex-
cept node 2, while pipe 3 was isolated from service (sce-
nario 1). Node 4 was observed as the maximum negative
pressure node, and its nodal demand was set to zero. Again
hydraulic simulation is carried out to verify whether all nodes
turned into pressure above zero. But node 6 was still facing

www.drink-water-eng-sci.net/12/1/2019/ Drink. Water Eng. Sci., 12, 1–13, 2019



8 S. Conety Ravi et al.: Analysis of water distribution network

Table 3. Step-by-step analysis results showing nodal outflows and pressure at each level of simulation. Bracketed values denote available
pressure in meters.

Demand (L s−1) and available pressure (m)

Simulation Node 2 Node 3 Node 4 Node 5 Node 6 Node 7

Pipe 3 closed condition

1 (pipe 3 25.00 25.00 25.00 25.00 25.00 25.00
closed) (3.57) (−6.14) (−23.17) (−19.76) (−22.31) (−22.06)
2 (zero demand 25.00 25.00 0.00 25.00 25.00 25.00
to node 4) (5.42) (−1.01) (−9.21) (−8.18) (−9.28) (−9.25)
3 (zero demand 25.00 25.00 0.00 25.00 0.00 25.00
to node 6) (6.97) (3.2) (0.66) (0.87) (3.05) (2.43)
4 (set Ke ) 25.00 25.00 −18.34 25.00 20.94 25.00
to node 4 and 6 (6.82) (2.8) (0.00) (0.05) (0.00) (−0.03)
5 (remove Ke 25.00 25.00 Isolated 25.00 0.54 25.00
at node 4 and (6.94) (3.11) (0.00) (0.7) (0.00) (0.00)
close the pipes
incident to the
node)

50 L s−1 fire demand at node 2

1 (set demand 75.00 25.00 25.00 25.00 25.00 25.00
at node 2 to (−0.95) (−3.12) (−2.21) (−2.87) (−3.09) (−3.11)
75 L s−1)
2 (set zero demand 75.00 0.00 25.00 25.00 25.00 25.00
to node 3) (1.45) (0.5) (0.6) (0.21) (−0.15) (−0.16)
3 (set zero demand 75.00 0.00 25.00 25.00 25.00 0.00
to node 7) (3.57) (3.03) (3.88) (3.72) (5.46) (6.09)
4 (change nodal 75.00 6.25 25.00 25.00 25.00 21.96
property for (1.16) (0.00) (0.38) (−0.05) (0.00)
nodes 3 and 7)
5 (change nodal property 75.00 6.81 25.00 24.06 25.00 22.26
for node 5) (1.17) (0.00) (0.41) (0.00) (0.00) (0.00)

50 L s−1 fire demand at node 7

1 (set demand 25.00 25.00 25.00 25.00 25.00 75.00
at node 7 to (−0.95) (−4.66) (−5.45) (−6.88) (−14.46) (−17.56)
75 L s−1)
2 (set zero demand 25.00 25.00 25.00 25.00 25.00 0.00
at node 7) (5.42) (3.88) (5.37) (5.01) (6.87) (7.44)
3 (change nodal property 25.00 25.00 25.00 25.00 25.00 29.93
at node 7) (3.18) (0.87) (1.64) (0.93) (0.1) (0.00)

a higher pressure-deficit condition from nodes 3 to 7, and its
demand was set to zero. After setting the emitter coefficient
to both node 4 and 6, the hydraulic analysis shows a neg-
ative flow at node 4 and a negative pressure at node 7. By
disconnecting pipes incident to node 4 and removing its Ke,
the other outflows are computed. This scenario requires five
demand-driven analyses to obtain PDA results. Furthermore,
the same result was obtained using the SIPDA proposed by
Mohmoud et al. (2017) after disconnecting incident pipes to
node 4. SIPDA took three DDA runs after the addition of
artificial links between network elements and five nodes.

In the next case (scenario 2), a fire demand of 50 L s−1 is
created at node 2. The total demand at node 2 is changed
to 75 L s−1. As this node is nearer to the source, there is
more possibility to satisfy the extra demand. But DDA in-
dicates negative pressure in all the nodes as the total demand
of that node was increased by 3 times the design demand
(i.e., 2 times higher than the existing demand). Nodal de-
mand at node 3 and 7 was sequentially modified to zero after
noticing negative pressure. Then, the network showed pres-
sure greater than Hmin at these nodes. Hence, it is possible
to partially deliver the flow to those nodes with demand set
to zero. Then the emitter coefficient was set both to nodes 3
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Table 4. Step-by-step analysis results showing nodal outflows under two pressures.

Demand (L s−1) and available pressure (m)

Simulation Node 2 Node 3 Node 4 Node 5 Node 6 Node 7

Pipe 3 closed condition

1 (pipe 25.00 25.00 25.00 25.00 25.00 25.00
3 closed) (38.57) (28.86) (11.83) (15.24) (12.69) (12.94)
2 (zero demand 25.00 25.00 0.00 25.00 25.00 25.00
to node 4) (40.42) (33.99) (25.79) (26.82) (25.72) (25.75)
3 (zero demand 25.00 25.00 0.00 25.00 0.00 25.00
to node 6) (41.97) (38) (35.66) (35.87) (38.05) (37.43)
4 (change 25.00 25.00 15.75 25.00 17.39 25.00
nodal property (39.85) (32.42) (21.36) (23.32) (22.64) (22.64)
for nodes 4 and
6, assign
Ke = 5.8)
5 (change 25.00 25.00 18.14 20.47 19.88 20.04
nodal property (40.17) (33.32) (23.26) (25.34) (24.74) (24.93)
for nodes 5
and 7, assign
Ke = 5.8)

SIPDA

Cd = 5.8 25.00 25.00 17.22 25.00 19.15 19.29
(40.02) (32.91) (22.50) (24.42) (24.13) (24.26)

Proposed approach for isolation of links 3 and 6

1 (pipe 3 and 25.00 25.00 25.00 25.00 25.00 25.00
6 isolated) (38.57) (28.86) (14.04) (15.24) (1.86) (5.41)
2 (set demand 25.00 25.00 25.00 25.00 0.00 25.00
at node 6 (40.42) (33.99) (25.62) (26.82) (26.27) (26.27)
to zero)
3 (set demand 25.00 25.00 25.00 25.00 0.00 0.00
at node 7 41.97 38.2 34.67 35.87 38.87 38.87
to zero)
4 (change 25.00 25.00 25.00 25.00 14.66 16.45
nodal property (39.99) (32.89) (23.02) (24.22) (20.57) (21.89)
at nodes 6
and 7, assign
Ke = 5.8)
5 (change 25.00 25.00 20.66 21.54 15.99 17.94
nodal property 40.34 33.78 25.51 26.35 21.54 23.09
at nodes 4
and 5, assign
Ke = 5.8)

and 7, and the network was simulated. No negative pressure
or negative flow was detected at these two nodes, but pres-
sure at node 5 became negative. Changing nodal demand and
setting the emitter coefficient at node 5 provided a final re-
sult after simulation. It can be seen that the network is able
to supply full fire demand at node 2, full supply at nodes 4
and 6, and partial supply at nodes 3, 5 and 7. SIPDA pro-
vided the same result while emitter coefficient was taken to
be 2500. Analysis by SIPDA necessitates addition of serial

fictitious network elements to all the demand nodes as all the
nodes experienced negative pressure at 50 L s−1 fire demand
at node 2.

In the third scenario, a fire demand of 50 L s−1 at node 7
is added, and the network is simulated. Application of the
proposed approach and SIPDA provided the same results.
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Table 5. Nodal and pipe properties of multisource pumped network.

Node Elevation Demand Pipe Length Diameter
ID (m) (m3 h−1) no. (m) (mm)

1 165 100 1 1000 457.2
2 160 150 2 1000 508
3 155 120 3 500 355.6
4 150 120 4 1000 203.2
5 150 200 5 1000 203.2
6 155 100 6 1000 355.6
7 160 100 7 1000 152.4
8 160 330 8 1000 355.6
9 160 240 9 1000 254

10 1000 355.6
11 1000 152.4
12 1000 152.4
13 1000 152.4
14 1000 406.4
15 1000 406.4

Table 6. Design demand during different time steps for multisource
pumped network.

Demand in m3 h−1

Node Time Time Time Time
ID step 1 step 2 step 3 step 4

1 20 100 60 80
2 30 150 90 120
3 24 120 72 96
4 24 120 72 96
5 40 200 120 160
6 20 100 60 80
7 20 100 60 80
8 66 330 198 264
9 48 240 144 192

3.2 Example 2

Network 1 was used as it is for further analysis by setting
reservoir elevation to 135 m instead of 100 m. The minimum
and required pressures at all the demand nodes are designated
as 15 and 30 m respectively. DDA indicates that the net-
work can supply design demand from all the demand nodes
at the required pressure level of 30 m. SIPDA and the pro-
posed approach require an emitter coefficient, Ke. For de-
mand 25 L s−1 with Hreq = 30 and Hmin = 15 m, the emitter
coefficient is obtained as 5.80 L s−1 m−0.54. The same value
is utilized for both approaches to simulate the behavior of the
network under isolation of link 3.

PDA was carried out by the proposed approach. DDA
needs to be run five times, and results obtained are presented
in Table 4. The proposed method indicates full supply of de-
sign demand at nodes 2 and 3, while the remaining nodes
are able to supply only partial demand. For the same case
study, SIPDA makes partial supply at nodes 4, 6 and 7, while

Figure 10. Actual outflow against design demand when there is no
supply from reservoir ID 270.

recorded pressure is in between Hmin and Hreq. Though the
pressure at node 5 is below Hreq, SIPDA indicates the full
supply of demand instead of partial supply. The SIPDA re-
sult at this node violates the assumption of partial supply in
between minimum and required pressure.

Furthermore, by closing two links, 3 and 6, the network
was simulated, and DDA shows pressure below minimum at
nodes 4, 5, 6 and 7. By applying proposed approach, actual
demands and pressures were evaluated and presented in Ta-
ble 4. Under the failure condition in pipes 3 and 6, the net-
work is able to supply full design demand at nodes 2 and 3.
The remaining nodes are able to supply partial demand only.

3.3 Example 3

A multisource pumped water distribution network presented
by Jinesh Babu and Mohan (2012) was considered for fur-
ther testing of the proposed approach. Figure 4 shows the
network layout, consisting of two pumps with the capacity of
125 kW each, instead of 125 hp, considered by Jinesh Babu
and Mohan (2012), and was designed to deliver two-thirds of
total demand. These two pumps, P1 and P2, pump the wa-
ter from two sources, S1 and S2, respectively, whose eleva-
tions are 100 m each. The remaining one-third of total de-
mand is drawn from reservoir, S3, whose elevation is 200 m,
and one flow control valve is provided between reservoir S3
and node 7 in order to control the flow to one-third of to-
tal demand. A demand pattern with four intervals is con-
sidered with demand factors (DFs) of 0.2, 1.0, 0.6 and 0.8,
which represent time intervals of 0.00 to 6.00, 6.00 to 12.00,
12.00 to 18.00 and 18.00 to 24.00 h respectively. The opti-
mal speed of pumps for the respective time interval needs to
be set to 0.584, 1.0, 0.842 and 0.927. The Hazen–Williams
roughness coefficient of 130 is assumed for all the pipes. As
Jinesh Babu and Mohan (2012) did not specify the upper and
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Table 7. Nodal outflows under pump 1 failure condition for multisource pumped network.

Nodal outflow (m3 h−1) and available pressure (m)

Time step N1 N2 N3 N4 N5 N6 N7 N8 N9 Total flow

1 4.26 18.17 20.78 24 40 17.26 12.79 41.82 30.38 209.46
15.86 20.93 26.49 30.86 30.86 26.44 21.57 21.44 21.43

2 33.82 99.66 120 40.84 68.17 100 91.07 266.61 192.22 1012.39
17.01 22.04 31.33 17.02 17.04 30.27 27.62 25.11 24.94

3 0 45.5 65.63 68.71 114.49 53.81 43.29 133.79 96.73 621.94
13.79 19.24 27.64 28.76 28.75 27.26 23.2 22.26 22.18

4 0 52.68 90.02 86.83 144.66 73.05 61.6 183.49 132.54 833.58
12.51 18.27 28.32 27.46 27.45 27.67 24.24 22.65 22.52

Table 8. Total outflow from Modena-network-selected links’ isola-
tion condition.

Link Pipe Deficit Total
ID diameter nodes as outflow

(mm) per DDA LPS

11 100 1 406.9321
22 200 63 400.8348
50 150 26 404.3639
68 200 115 391.542
100 150 57 390.9427
157 300 180 362.8878
158 300 182 361.7787
224 125 11 406.7551
242 125 14 405.1062
250 100 0 406.9399
291 350 245 277.6133
292 350 247 264.385

lower service pressure limit to the network, it is assumed in
the present study that the required and minimum pressures
needed for each demand node as 30 and 15 m respectively.
Table 5 presents the pipe and nodal properties of the network.
Table 6 shows the required nodal outflows at four time steps.

The pump 1 failure case was analyzed to examine the pro-
posed approach. The results of EPS analysis for four time
steps are presented in Table 7. This scenario produces par-
tial flow at several nodes in all time steps. It is to be noted
that in the first and second time steps, all nodes supply some
water, whereas in the next two time steps, node 1 is unable
to deliver even partial flow. Two nodes at time steps 1 and
2 indicates pressure greater than Hreq with full supply con-
ditions, and all remaining nodes have an Havl between Hmin
and Hreq, while in case of time step 3 and 4 no nodes were
noticed where Havl is greater than Hreq. This indicates that
the proposed approach is able to simulate the pressure-based
flow when the network is energized by pumps, apart from
gravity flow by the reservoir. The network is able to supply

71.17 %, 69.34 %, 70.99 % and 71.37 % of its total design
demand at respective time steps. But it should be noted here
that the drop in supply under failure of the component is not
uniform in all the nodes. While optimizing the network, the
various components of the network should be sized in such
a way that, to a possible extent, all nodes are affected uni-
formly under failure of any component so that equity can be
maintained under failure scenarios. PDA is becoming very
important in achieving this.

3.4 Example 4

To examine the applicability of proposed approach on a large
size benchmark network, a Modena network (MOD) given
by the Centre for Water Systems at the University of Ex-
eter (Wang et al., 2014) is considered. Its layout is shown
in Fig. 5, and it consists of 317 pipes, 268 demand nodes
and four reservoirs with a fixed head in the range of 72.0
to 74.5 m. In the present work, the layout, its diameter and
a Hazen–Williams roughness coefficient of 130 are consid-
ered, as they are given by the network. The minimum and re-
quired pressures are assumed to be 10 and 20 m respectively.
Supply from reservoir ID 272 is stopped fully by isolation of
a pipe connecting the reservoir and nearest node. DDA in-
dicates a pressure deficit (i.e., below Hreq) in 171 demand
nodes. Using the EPANET toolkit, the proposed approach
was implemented, and the results are presented in Fig. 6. Ac-
tual outflow versus the design demand plot (Fig. 6) shows
the number of full supply and partial supply nodes. The tra-
jectory of points lying along the diagonal line indicates full
supply nodes, and points lying below the diagonal line de-
note partial supply against design demand. It is found from
PDA that the network is able to supply 89.1 % of total de-
mand while supply from reservoir ID 272 is ceased. Out of
268 nodes, 90 nodes are able to make partial supply to the
consumers, and the remaining nodes could make the design
supply. Figure 7 presents the distribution of nodal pressure
under the no-component failure condition. The DDA indi-
cates that pressure at all the nodes is above Hreq and hence
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full design supply is possible. Figure 8 indicates the distribu-
tion of nodal pressures when there is no supply from reser-
voir ID 272. The DDA shows the negative pressure at several
nodes. From Figs. 6 and 9, it is evident that the proposed ap-
proach predicts nodal outflow corresponding to the pressure
in all the nodes above Hmin.

Furthermore, supply from reservoir ID 270 is closed, and
the proposed approach was applied. It can be noticed that
DDA showed that 232 nodes are pressure-deficient nodes. In
the absence of supply from reservoir ID 270, the network is
able to supply 78.46 % of total design demand. From Fig. 10,
it is possible to notice the large number of supply nodes be-
coming affected in the absence of reservoir ID 270; 49 % of
total nodes could deliver full design supply, and the remain-
ing nodes could make only partial supply. Table 8 presents
the total outflow from the network obtained by isolation of
selected pipes. It is evident from the results that the proposed
approach is able to find the nodal outflow under any pipe fail-
ure condition, apart from the pipe connecting the source.

4 Conclusions

Pressure-driven analysis (PDA) of the water distribution net-
work estimates realistic outflow at all demand nodes while
the network is under pressure-deficient conditions. Use of
available network components like the reservoir, valves and
emitter to simulate pressure-based outflow is found to be a
simple approach, as it could be implemented easily for small
networks without a change in the source code of commercial
software. But the major bottleneck in adopting such an ap-
proach is that a large number of artificial components needs
to be added to either all demand nodes or deficient nodes.
This increases the complexity of the network configuration
and also the burden to the computational part. The proposed
approach does not utilize the artificial components other than
emitter. The emitter is not a physical component to be added
at the demand nodes. Instead it requires an appropriate coef-
ficient to activate the emitter and estimate the outflow based
on available pressure at the node. By changing the nodal
properties to those nodes categorized as pressure deficit, the
pressure-based outflow is able to evaluate by proposed itera-
tive approach using the emitter option alone. From the analy-
sis of the results, it is evident that the proposed approach can
be easily implemented for various pressure limits.
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at the following link http://emps.exeter.ac.uk/engineering/research/
cws/resources/benchmarks/design-resiliance-pareto-fronts/ (Wang
et al., 2014).

Author contributions. All authors made equal contributions to
developing the algorithm and its application to example problems
and writing the paper.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. The authors are grateful to the anonymous
reviewers whose comments helped in improving the quality of the
paper significantly.

Edited by: Luuk Rietveld
Reviewed by: two anonymous referees

References

Abdy Sayyed, M. A. H. and Gupta, R.: Predicting de-
ficient condition performance of water distribution
networks, J. Civil Eng. Infrastruct., 46, 161–173,
https://doi.org/10.7508/ceij.2013.02.004, 2013.

Abdy Sayyed, M. A. H., Gupta, R., and Tanyimboh, T.
T.: Modelling pressure deficient water distribution net-
works in EPANET, Procedia Engineer., 89, 626–631,
https://doi.org/10.1016/j.proeng.2014.11.487, 2014.

Abdy Sayyed, M. A. H., Gupta, R., and Tanyimboh, T. T.: Noniter-
ative application of EPANET for pressure dependent modelling
of water distribution systems, Water Resour. Manag., 29, 3227–
3242, https://doi.org/10.1007/s11269-015-0992-0, 2015.

Ang, W. K. and Jowitt, P. W.: Solution for water distribu-
tion systems under pressure-deficient conditions, J. Water Res.
Plan. Man., 132, 175–182, https://doi.org/10.1061/(ASCE)0733-
9496(2006)132:3(175), 2006.

Ang, W. K. and Jowitt, P. W..: Closure to “Solution of
water distribution systems under pressure-deficient condi-
tions” by W. K. Ang and P. W. Jowitt, J. Water Res.
Plan. Man., 133, 571–572, https://doi.org/10.1061/(ASCE)0733-
9496(2007)133:6(571), 2007.

Baek C. W., Jun, H. D., and Kim, J. H.: Development of
a PDA model for water distribution systems using har-
mony search algorithm, KSCE J. Civ. Eng., 14, 613–625,
https://doi.org/10.1007/s12205-010-0613-7, 2010.

Bhave, P. R.: Node flow analysis of water distribution systems, J.
Transp. Eng., 107, 457–467, 1981.

Chandapillai, J.: Realistic simulation of water dis-
tribution system, J. Transp. Eng., 117, 258–263,
https://doi.org/10.1061/(ASCE)0733-947X(1991)117:2(258),
1991.

Cheung, P. B., Van Zyl, J. E., and Reis, L. F. R.: Extension of
EPANET for pressure driven demand modeling in water distri-
bution system, Procedia Engineer., 1, 215–226, 2005.

Fujiwara, O. and Ganesharajah, T.: Reliability assess-
ment of water supply systems with storage and distri-
bution networks, Water Resour. Res., 29, 8 2917–2924,
https://doi.org/10.1029/93WR00857, 1993.

Fujiwara, O. and Li, J.: Reliability analysis of water distribution
networks in consideration of equity, redistribution and pres-
sure dependent demand, Water Resour. Res., 34, 1843–1850,
https://doi.org/10.1029/98WR00908, 1998.

Germanopoulos, G.: A technical note on the inclusion of
pressure-dependent demand and leakage terms in wa-

Drink. Water Eng. Sci., 12, 1–13, 2019 www.drink-water-eng-sci.net/12/1/2019/

http://emps.exeter.ac.uk/engineering/research/cws/resources/benchmarks/design-resiliance-pareto-fronts/
http://emps.exeter.ac.uk/engineering/research/cws/resources/benchmarks/design-resiliance-pareto-fronts/
https://doi.org/10.7508/ceij.2013.02.004
https://doi.org/10.1016/j.proeng.2014.11.487
https://doi.org/10.1007/s11269-015-0992-0
https://doi.org/10.1061/(ASCE)0733-9496(2006)132:3(175)
https://doi.org/10.1061/(ASCE)0733-9496(2006)132:3(175)
https://doi.org/10.1061/(ASCE)0733-9496(2007)133:6(571)
https://doi.org/10.1061/(ASCE)0733-9496(2007)133:6(571)
https://doi.org/10.1007/s12205-010-0613-7
https://doi.org/10.1061/(ASCE)0733-947X(1991)117:2(258)
https://doi.org/10.1029/93WR00857
https://doi.org/10.1029/98WR00908


S. Conety Ravi et al.: Analysis of water distribution network 13

ter supply network models, Civ. Eng. Syst., 2, 171–179,
https://doi.org/10.1080/02630258508970401, 1985.

Giustolisi, O., Savic, D. A., Berardi, L., and Laucelli, D.: An Excel
based solution to bring water distribution network analysis closer
to users, Proc., Computer and Control in Water Industry, Exeter
Press, Exeter, UK, 2011.

Gorev, N. B. and Kodzhespirova, I. F.: Noniterative Implementa-
tion of Pressure-Dependent Demands Using the Hydraulic Anal-
ysis Engine of EPANET 2, Water Resour. Manag., 27, 3623,
https://doi.org/10.1007/s11269-013-0369-1, 2013.

Jinesh Babu, K. S. and Mohan, S.: Extended Period Simulation for
Pressure-Deficient Water Distribution Network, J. Comput. Civ.
Eng., 26, 498–505, https://doi.org/10.1061/(ASCE)CP.1943-
5487.0000160, 2012.

Jun, L. and Guoping, Y.: Iterative methodology of pressure de-
pendent demand based on EPANET for pressure-deficient wa-
ter distribution analysis, J. Water Res. Plan. Man., 139, 34–44,
https://doi.org/10.1061/(ASCE) WR.1943-5452.0000227, 2013.

Liu, J., Yu, G., and Savic, D.: Deficient-network simulation consid-
ering pressure-dependent demand, Sustainable Solutions for Wa-
ter, Sewer, Gas, and Oil Pipelines (ICPTT 2011), ASCE, Reston,
VA, 2011.

Mahmoud, H. A., Aavic, D., and Kapelan, Z.: New pressure-
driven approach for modeling water distribution net-
works, J. Water Res. Plan. Man., 143, 04017031-1-11,
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000781, 2017.

Mamizadeh, J. and Shaoonizadeh, S.: Application of modified com-
plementary reservoir approach in analysis of water distribution
networks under pressure deficient conditions, Urban Water. J.,
14, 386–393, https://doi.org/10.1080/1573062X.2016.1171884,
2016.

Morley, M. S. and Tricarico, C.: Pressure driven demand extension
for EPANET (EPANETpdd), Technical Rep. 2008, Univ. of Ex-
eter, Exeter, UK, 2014.

Ozger, S.: A semi-pressure-driven approach to reliability assess-
ment of water distribution networks, PhD dissertation, Depart-
ment of Civil and environmental Engineering, Arizona State Uni-
versity, Temple, Ariz, 2003.

Pacchin, E., Alvisi, S., and Franchini, M.: A new non-
iterative method for pressure-driven snapshot simula-
tions with EPANET, Procedia Engineer., 186, 135–142,
https://doi.org/10.1016/j.proeng.2017.03.219, 2017.

Reddy, L. S. and Elango, K.: Analysis of water distribution net-
works with head dependant outlets, Civ. Eng. Syst., 6, 102–110,
1989.

Reddy, L. S. and Elango, K.: A new approach to the analysis of
water starved networks, J. Indian Water Works Assoc., 23, 31–
38, 1991.

Rossman, L. A.: EPANET programmer’s Toolkit Manual, Wa-
ter Supply and Water Resources Division, National Risk Man-
agement Research Laboratory, U.S. Environmental Protection
Agency, Cincinnati, 2000.

Rossman, L. A.: Discussion of “Solution of water distribution
systems under pressure-deficient conditions” by W. K. Ang
and P. W. Jowitt, J. Water Res. Plan. Man., 133, 566–567,
https://doi.org/10.1061/(ASCE)0733-9496(2007)133:6(566.2),
2007.

Salgado-Castro, R. O.: Computer modelling of water supply distri-
bution networks using the gradient method, PhD thesis, Univ. of
Newcastle Upon Tyne, UK, 1988.

Sharoonizadeh, S., Mamizadeh, J., and Sarvarian, J.: Comparison of
solution methods for analyzing water distribution networks under
pressure-deficient Conditions, J. Water Supply Res. T., 65, 330–
341, https://doi.org/10.2166/aqua.2016.084, 2016

Siew, C. and Tanyimboh, T. T.: Pressure-dependent EPANET exten-
sion, J. Water Resour. Manag., 26, 1477–1498, 2012.

Sivakumar, P. and Prasad, R. K.: Simulation of Water Distribu-
tion Network under Pressure-Deficient Condition, Water Re-
sour. Manag., 28, 3271–3290, https://doi.org/10.1007/s11269-
014-0677-0 2014.

Sivakumar, P. and Prasad, R. K.: Extended period simula-
tion of pressure-deficient networks using pressure re-
ducing valves, Water Resour. Manag., 29, 1713–1730,
https://doi.org/10.1007/s11269-014-0907-5, 2015.

Suribabu, C. R.: Emitter based approach for estimation of nodal
outflow to pressure deficient water distribution networks under
pressure management, Sci. Iran. Trans. A, 22, 1765–1778, 2015.

Suribabu, C. R. and Neelakantan T. R.: Balancing reservoir based
approach for solution to pressure deficient water distribution net-
works, Int. J. Civ. Struct. Eng., 2, 639–647, 2011.

Suribabu, C. R., Neelakantan, T. R., and Sivakumar, P.: Im-
proved complementary reservoir solution to evaluate nodal out-
flow under pressure deficient conditions, ISH J. Hydraulic Eng.,
23, 260–266, https://doi.org/10/1080/09715010.2017.1298060,
2017.

Tanyimboh, T. T. and Templeman, A. B.: Seamless pressure-
deficient water distribution system model, Proc. of the
Inst. of Civil Engrs. Water Manag., 163, 389–396,
https://doi.org/10.1680/wama.900013, 2010.

Tanyimboh, T. T., Tabesh, M., and Burrows, R.: Appraisal of
source head methods for calculating reliability of water dis-
tribution networks, J. Water Res. Plan. Man., 127, 206–213,
https://doi.org/10.1061/(ASCE)0733-9496(2001)127:4(206),
2001.

Tucciarelli, T., Criminisi, A., and Termini, D.: Leak analysis in
pipeline systems by means of optimal valve regulation, J. Hy-
draul. Eng., 125, 277–285, https://doi.org/10.1061/(ASCE)0733-
9429(1999)125:3(277), 1999.

Wagner, J. M., Shamir, U., and Marks, D. H.: Water dis-
tribution reliability: Simulation methods, J. Water Res.
Plan. Man., 114, 276–294, https://doi.org/10.1061/(ASCE)0733-
9496(1988)114:3(276),1988.

Wang, Q., Guidolin, M., Savic, D., and Kapelan, Z.:
Two-Objective Design of Benchmark Problems of
a Water Distribution System via MOEAs: Towards
the Best-Known Approximation of the True Pareto
Front, J. Water Res. Plan. Man., 141, 04014060-1-14,
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000460, 2014
(data available at: http://emps.exeter.ac.uk/engineering/research/
cws/resources/benchmarks/design-resiliance-pareto-fronts/, last
access: 12 March 2019).

Wu, Z. Y., Wang, R. H., Walski, T. M., Yang, S. Y., Bowdler,
D., and Baggett, C. C.: Extended global-gradient algorithm for
pressure-dependent water distribution analysis, J. Water Res.
Plan. Man., 135, 13–22, https://doi.org/10.1061/(ASCE)0733-
9496(2009)135:1(13), 2009.

www.drink-water-eng-sci.net/12/1/2019/ Drink. Water Eng. Sci., 12, 1–13, 2019

https://doi.org/10.1080/02630258508970401
https://doi.org/10.1007/s11269-013-0369-1
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000160
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000160
https://doi.org/10.1061/(ASCE)
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000781
https://doi.org/10.1080/1573062X.2016.1171884
https://doi.org/10.1016/j.proeng.2017.03.219
https://doi.org/10.1061/(ASCE)0733-9496(2007)133:6(566.2)
https://doi.org/10.2166/aqua.2016.084
https://doi.org/10.1007/s11269-014-0677-0
https://doi.org/10.1007/s11269-014-0677-0
https://doi.org/10.1007/s11269-014-0907-5
https://doi.org/10/1080/09715010.2017.1298060
https://doi.org/10.1680/wama.900013
https://doi.org/10.1061/(ASCE)0733-9496(2001)127:4(206)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:3(277)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:3(277)
https://doi.org/10.1061/(ASCE)0733-9496(1988)114:3(276)
https://doi.org/10.1061/(ASCE)0733-9496(1988)114:3(276)
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000460
http://emps.exeter.ac.uk/engineering/research/cws/resources/benchmarks/design-resiliance-pareto-fronts/
http://emps.exeter.ac.uk/engineering/research/cws/resources/benchmarks/design-resiliance-pareto-fronts/
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:1(13)
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:1(13)

	Abstract
	Introduction
	Methodology
	Background of emitter-based approaches
	Assumptions

	Results and discussion
	Example 1
	Example 2
	Example 3
	Example 4

	Conclusions
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	References

